Neuronal Function Impairment in Rabies-infected Rat Brain
SUMMARY In homogenates of rabies-infected rat brain the specific binding of a tritium-labelled antagonist of muscarinic acetylcholine (mACh) to roACh receptors (mAChR) varied during the course of infection. A small increase in the binding of the antagonist, quinuclidinyl benzylate (QNB), during the first days after infection was followed by a marked decrease as the symptoms of rabies appeared. Measurements of 3H-labelled QNB binding in dissected brain regions, i.e. brain stem, caudatus nucleus, cortex, hippocampus, cerebellum and medulla, showed that the decrease in binding was greater in the hippocampus than in any other brain region. We conclude that in the central nervous system (CNS) of the rabies-infected rat neuronal impairment may be one manifestation of rabies pathogenesis.
Rabies encephalitis is characterized by mild histopathological disorders. In naturally occurring rabies little inflammation and necrosis are observed even late in the course of infection (Murphy, 1977) . Street rabies virus does not express large amounts of virus glycoprotein on the cell surface, and we have postulated that some specific neuronal function is altered, although cell viability is not (Tsiang & Guillon, 1981; Tsiang et aL, 1982) . Immunopathological mechanisms have been shown to be only partially responsible for rabies symptoms as well as modifying the course of the disease (Guillon & Tsiang, 1980) . Thus, the lethal outcome of the infection must be determined by some unidentified molecular mechanism. Neuronal dysfunction may result from the linked effects of molecular modifications at the neuronal membrane level and the triggering of pathological events by an immune mechanism.
In order to study the action of rabies infection on neuronal functions we have used, as a probe, the binding affinity of an antagonist to muscarinic acetylcholine receptors (mAChR) in the rat brain. This receptor is known to be present in large amounts in the central nervous system (CNS) Heilbronn & Barfai, 1978; Salvaterra & Foders, 1979) and is also found in various peripheral tissues (Lee et al., 1972; Galper et aI., 1977) . Using physiological methods, mAChR has been shown to be particularly abundant in the CNS (Phillis, 1976) .
The mAChR can be studied by the binding of a tritium-labelled antagonist, quinuclidinyl benzylate (QNB), as shown by . This method has been used by a number of authors to study mAChR in brain tissues as well as in other organs. We have investigated the binding of 3H-labelled QNB to mAChR in the CNS of rabies-infected rats.
Rabies virus strain CVS was propagated in BHK cells and titrated as described in World Health Organization Monograph no. 23 (1973) . Fifteen-day-old white Wistar rats (purchased from IFFA-Credo, France) were inoculated intracerebrally with 0.02 ml virus suspension containing 1000 MICLDs0 (mouse intracerebral lethal dose 50% titrated in 14 to 16 g Swiss mice). Atropine sulphate was purchased from Sigma. To prepare brain suspensions rats were decapitated at various times after infection and the brains were rapidly removed. They were homogenized in 0-32 M-sucrose with a Dounce homogenizer to obtain a 10% (w/w) brain suspension. After centrifugation (7 min at 2500 rev/min) to remove the nuclear fraction, aliquots were frozen at -78 °C for use in tests as described by Salvaterra Fig. 1 . Binding of 3H-labelled QNB (5 pCi/50 pl) to mAChR in brain homogenates assayed at various times after inoculation of 1000 MICLDs0 of fixed rabies virus (11) in 15-day-old rats. Control rats were inoculated with saline 48 h before the binding test ([]). Each column represents the mean from two different experiments and shows the standard error of the mean from quadruplicate samples in each experiment. (1979) . For the 3H-labelled QNB-binding test, 50 pl of brain tissue preparation were incubated for different times at 25 °C in 2 ml modified Krebs-Hensleit solution as described by Kloog et al. (1979) , and containing 5 pCi/50 pl 3H-labelled QNB (sp. act. 12 Ci/mmol; Amersham International). After incubation, 3 ml ice-cold Krebs-Hensleit solution were added to each tube and the contents filtered on to glass fibre filters (Whatman GF/C) under negative pressure. The filters were washed three times with 3 ml Krebs-Hensleit solution, dried and placed in scintillation fluid (Liquifluor, New England Nuclear) and counted in a model 460 Packard counter. Specific binding was defined as the value found minus the non-specific binding value obtained in the presence of 5 × 10 5 M-atropine sulphate (unlabelled) which also binds to mAChR. All the experiments were performed at least twice with quadruplicate samples. The standard error of the replicates was between 5 and 15 %. Rabies infection in the rat brain was monitored by FITC-rabies conjugate staining of brain smears (Conjugu~ anti-nucl~ocapside rabique, Institut Pasteur Production, France).
At daily intervals after rabies inoculation two rats were sacrificed and the brain homogenates tested for ~H-labelled QNB binding. Brains from control rats inoculated with saline buffer were similarly treated. In the first series of experiments control rats were sacrificed every day and tested for 3H-labelled QNB binding, which did not vary (results not shown). As shown in Fig. 1 , the binding of 3H-labelled QNB began to decrease at 96 h after infection as the first signs of paralysis appeared. The decrease in binding was very significant the next day, a few hours (10 to 20 h) before death would be expected to occur. A small increase in 3H-labelled QNB binding was observed between 24 and 72 h after infection. This small increase is certainly significant since it was seen in four different experiments using different groups of animals. The specific binding of 3H-labelled QNB as a function of ligand concentration shows that in both rabies-infected and non-infected brain this binding is Fig. 2 . Binding of 3H-labelled QNB to brain region homogenates assayed 96 h after infection of 15-day-old rats with fixed rabies virus (I) or in uninfected rats (tN). Brain regions of at least 10 rats were dissected after identification with a stereotaxic atlas (K6nig & Klippel, 1967) . BS, Brain stem; CN, caudatus nucleus; CX, cortex; H, hippocampus; CB, cerebellum; M, medulla. Each column delineates the mean from two different experiments and shows the standard error of the mean from quadruplicate samples in each experiment. 279 saturable in the range of 1 to 2 nM-QNB. The non-specific binding usually represented around 10% of total binding for the ligand concentrations used (results not shown).
The affinity of muscarinic antagonists for the binding sites of acetylcholine receptors is known to vary in the different regions of the cortex, cerebellum, hippocampus, medulla pons or the putamen Kloog et al., 1979; Salvaterra & Foders, 1979) . We obtained similar results from uninfected control brains, and high binding activities were observed in the caudatus nucleus, cerebral cortex and in the hippocampus (Fig. 2) , whereas in the rabies-infected samples the binding activities were lower in these three brain regions, the greatest difference being in the hippocampus. This major difference in the binding of 3H-labelled QNB to mAChR in the hippocampus correlates with the preferential localization of rabies virus in this site (Fig. 2) . The cerebellum was found to be the region that bound the least 3H-labelled QNB as described by Salvaterra & Foders (1979) .
Information concerning the cellular changes in the rabies-infected CNS is scarce. In our attempts to demonstrate a specific neuronal dysfunction after rabies infection we have shown that 3H-labelled QNB binding to mAChR varies during rabies infection in the rat brain. Our results contrast with observations that the response of rabies-infected 108-CC-15 cells to acetylcholine is unaffected, whereas the normal action of prostaglandin E1 and isoproterenol on the cAMP levels of these cells is impaired (Koschel & Halbach, 1979) . Since in vitro studies mainly indicate the direct effect of rabies infection on cellular membrane modifications, further experiments will be carried out using N1E 115 neuroblastoma cells, which are also known to possess mAChR that binds 3H-labelled QNB (Burgermeister et al., 1978; Strange et al., 1978) . Our results suggest that there is some correspondence between the development of clinical signs and the decrease in the binding of 3H-labelled QNB to mAChR; Short communications however, to link these two phenomena would only be speculative at the present time. Whether the impairment of this specific neuronal function is due to the direct effect of rabies infection or through complex indirect mechanisms involving one or several steps is debatable. Other neuronal functions are certainly affected by rabies virus (Koschel & Halbach, 1979; Muenzel & Koschel, 1981) and it is known that mAChR also mediates inhibition of adenylate cyclase (Nathanson et al., 1978) , and regulates cGMP and cAMP concentrations (Matsuzawa & Nirenberg, 1975) . These and other regulatory mechanisms may play a role in rabies pathogenesis.
The understanding of rabies pathogenesis as well as immunopathological mechanisms will be helped by the new fields of investigation which are now available. These include studies on the modifications of cellular RNA synthesis, protein synthesis and/or impairment of specific neuronal functions (Tsiang et al., 1982) . These experiments, together with neurophysiological studies (Dolivo, 1980) in rabies-infected neurons, are prerequisites in a multi-disciplinary approach to rabies pathogenesis.
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